ABSTRACT An experiment was conducted to evaluate the effect of dietary content and combinations of Zn, Fe, and Cu on deposition of these elements in egg components, liver, and excreta. Excreta were applied as a manure to a lawn, and 3 mo later soil and herbage samples were taken and analyzed. The experiment comprised 144 hens in 8 groups. The basal diet contained Zn, Fe, and Cu at 63.4, 92.8, and 9.0 mg/kg, respectively. It was supplemented with 1, 2, or 3 trace elements (inorganic forms) at 80 mg of Zn/kg, 120 mg of Fe/kg, and 25 mg of Cu/ kg. Recovery of Zn, Fe, and Cu in eggs of hens fed the basal diet was 10.7, 9.8, and 4.4% of the alimentary intake, respectively. A Zn-Cu antagonism was observed; deposition of Zn in the yolk was significantly decreased by Cu addition and vice versa (P < 0.01). Supplementation of the basal diet with Fe increased Fe concentration in egg yolk and white by 6.3 and 2.2%, respectively. The combination of Fe with Zn and Cu, however, increased Fe con-
INTRODUCTION
The trace elements Zn, Fe, and Cu are essential for human and animal nutrition. Thus they are supplemented in animal diets, but these supplements frequently exceed nutritional requirements. Higher doses of trace elements for animals are also designed to enrich the product from the aspect of human nutrition. Mabe et al. (2003) showed that addition of Zn, Mn, and Cu to a basal corn-soybean meal diet at 60, 60, and 10 mg/kg, respectively, increased Zn, Mn, and Cu concentrations in egg yolk and improved eggshell quality. Pharmacological dietary doses of Cu amounting to several hundred milligrams per kilogram of feed decreased cholesterol concentrations in eggs and 2005 Poultry Science Association, Inc. Received for publication May 30, 2005 . Accepted for publication June 30, 2005. 1 To whom correspondence should be addressed: skrivan@af.czu.cz. 1570 centration in the yolk and white by 36.7 and 34.9%, respectively (P < 0.01). The enrichment of eggs with the other elements was marginal (Cu) or absent (Zn). Effects of Zn, Fe, and Cu of the basal diet on liver concentrations of these elements were relatively small, and no antagonism between Zn and Cu was apparent. Supplementation of the basal diet with the combination of Zn and Fe, however, significantly decreased hepatic concentration of Cu. On the other hand, Cu supplementation significantly increased Fe concentration in livers of hens fed the Fesupplemented diet (P < 0.01). Concentrations of Zn, Fe, and Cu in excreta were related to their dietary content. High concentrations of Zn, Fe, and Cu in excreta corresponded with limited deposition of the 3 elements in eggs and liver. Concentrations of Zn, Fe, and Cu in herbage correlated significantly with the supply of these elements by hen excreta into soil. The Zn supplied by hen excreta was more stable than Fe and Cu; thus Zn could accumulate in the soil. poultry meat (Bakalli et al., 1995; Pesti and Bakalli, 1998) . Supplementation of animal diets with trace elements evokes concern for environmental implications on farms. On poultry farms, it applies not only to P and N but also to Zn and Cu, in which excess in excreta may cause soil phytotoxicity (Mohanna and Nys, 1998) . Environmental implications of dietary trace elements are not fully understood. What is crucial is the ratio of a given element to N in excreta and how much N is applied. Other factors influencing trace element phytotoxicity are soil pH, precipitation, solubility of trace element compounds, and crop species.
Poultry droppings are very good fertilizer because they contain all nutrients, and due to the high content of Ca and Mg, their application to acid soils is very suitable. Materechera and Mkhabela (2002) (Van Campen and Scaife, 1967) , pigs (Zacharias et al., 2003) , chicks (Southern and Baker, 1983) , between Zn and Fe in rodents (Kordas and Stoltzfus, 2004) , and between Cu and Fe, Mo, and S in ruminants (reviewed by Spears, 2003) . The antagonism between trace elements is primarily mediated through the absorption process (Van Campen and Scaife, 1967) , through formation of insoluble complexes that do not release trace elements in the gastric or intestinal milieu (Spears, 2003) , or from other reasons (Kordas and Stoltzfus, 2004) .
Primary and secondary deficiency of Cu, Mn, Zn, and Se is an urgent problem of cattle herds in central Europe. Primary deficiency of a trace element arises from its deficit in the feed, whereas the secondary deficiency is caused by the presence of an antagonistic element. The increased contents of S, Mo, Fe, and Zn in feed may cause the secondary deficiency of Cu (Spears, 2003) . According to Illek et al. (1999) the primary deficiency of Cu exists in 24% of calves, 17% of heifers, and 21% of dairy cows in the Czech Republic. By examining a high number of samples of feeds for cattle and total mixed rations from various areas and soil types, Illek et al. (1999) found a below-limit content of Cu in all farm feeds in the Czech Republic. The content of Cu was lowest in maize silage (4.4 mg/kg of dry matter) and was somewhat higher in all total mixed rations (maximally 6.2 mg/kg of dry matter). Deficiency of trace elements in human nutrition is also an important and well-known problem. It has been estimated that a third of the world population suffers from Zn deficiency, which accounts for 1.4% of total mortality (WHO, 2002) . Also, a relationship between trace elements including Cu and cardiovascular disease exists (Strain, 1998) . According to Looker et al. (1997) , 9% of toddlers older than 1 yr and 9 to 11% of adolescent girls and women of childbearing age in the United States were Fe-deficient. Thus, the relationships between doses and sources of trace elements for animals, accumulation in tissues and products, excretion from the organism, and accumulation in soil and plants should be examined. Such comprehensive research should answer questions about the quality of animal products and questions of when, where, under what conditions, and how the applications of poultry excreta can influence the environment.
The objective of the present paper was to study the effects of 8 combinations of Zn, Fe, and Cu supplements in the form of sulfates on Zn, Fe, and Cu concentrations in egg components, liver, hen excreta, and the soil and herbage after the application of dried manure on grassland. We used feed-grade inorganic compounds because they are common ingredients of mineral supplements for farm animals due to their low prices. Supplements of Zn and Fe were added so that the contents in the experimental diets would be twice as high as in the basal diet, in which the assumed amount was 75 mg of Zn/kg and 100 mg of Fe/kg. The Cu content did not exceed the maximum permissible value in the European Union for any species of farm animals except pigs kept for meat (i.e., 35 mg/kg; EU Council Directive, 2004).
MATERIALS AND METHODS

Experimental Hens and Feeding Regimen
A total of 144 50-wk-old laying hens (ISA Brown) were kept individually in cages with individual feeders and divided into 8 groups of 18 birds each. Hens were housed in an environmentally controlled room and subjected to a photoperiod of 16 h of light and 8 h of dark. Feed and water were available ad libitum. The diet consisted primarily of wheat, corn, and soybean meal (Table 1) . This type of diet is common in central Europe. The composition of vitamin and mineral premix was formulated according to Mabe et al. (2003) Fe, and Cu by 80, 120, and 25 mg/kg, respectively ( Table  2 ). The experiment on hens lasted 8 wk.
Data Collection
Eggs were collected in the middle of the experiment (on d 27 and 28) at 0700 h. Each day, 8 eggs per group were collected (i.e., a total of 128 eggs from 8 groups). In the week of egg collection, feed consumption and egg production were recorded. Excreta were collected from d 14 to 56 of the experiment every day at 0800 h, from a dropping belt under the cages. Feathers were carefully removed, and excreta were put into a drier. Three average samples per treatment were prepared. On d 56 of the experiment, 9 hens from each group were killed by electric stunning, and the liver was taken for analysis. Out of 9 liver samples taken from each group, 3 liver samples were jointly homogenized immediately after collection; thus 3 average samples per group were prepared in this way.
Excreta were dried at 60°C for 3 d; dried excreta were ground and kept in closed polycarbonate wide-neck bottles at −18°C until they were applied as manure. The meadow was used as a model for study of accumulation of trace elements in soil and herbage. Dried excreta from each group were applied in mid-March to 3 separated patches of lawn with sandy soil; the area of each patch was 10 m 2 . The amount of manure was calculated according to N content in dried excreta from the particular groups and according to a requirement to supply 210 g of N/10 m 2 , which is 210 kg of N/ha. Under Czech conditions, this corresponds to a production of 8.5 t of hay/ha of permanent grass sward. In mid-June, 3 samples of herbage were taken from each plot and dried at 65°C. The same number of soil samples was collected on the same date. A piece of turf was removed by a spade, and soil (ca. 0.2 kg) was sampled from a depth of 10 cm. The methods of Reuter et al. (1997) were used for collecting, drying, handling, and analyzing herbage samples.
Analyses
Eggs were weighed; yolks and whites were separated and weighed. Residues of white were wiped from eggshells with wet cotton-wool, and eggshells were dried and homogenized. In yolk, white, and eggshell, the concentrations of Zn, Fe, Cu, and dry matter were determined. Each egg was analyzed separately. Fresh homogenized yolk, white, and eggshell were taken for combustion in a muffle furnace at 450°C for 12 h. Ash was dissolved in 3 M HCl and transferred quantitatively into a volumetric flask. The Zn, Fe and Cu concentrations in the HCl extract were measured using instrument Solaar M6 (TJA Solutions, Cambridge, UK). Then, 2 g from each average liver sample was taken for combustion. Herbage samples were dried for 24 h and ground to pass through a 1-mm stainless steel sieve. Three dried and ground samples from each patch (3 patches per group) were mixed and ashed. The same procedure was used to handle the excreta and feed mixtures. Crude protein in the feed and excreta was determined using Kjeltec Auto 1030 Analyser (Tecator AB Comp., now FOSS Analytical AB, Hö -ganäs, Sweden). Other analyses of the feed were done by standard AOAC (1980) methods. Total content of elements in soil was determined by atomic absorption spectrometry in mineralisates obtained by preceding 2-stage decomposition in the presence of hydrofluoric acid in its wet phase, according to Száková et al. (1999) .
Statistical Analyses and Calculations
Concentrations of Zn, Fe, and Cu in egg yolk, white, shell, liver, and excreta were analyzed in a factorial arrangement by a 3-way analysis of variance with the 3 trace elements as the fixed treatment factors and including all interactions. Differences were further tested using the Duncan's test. The concentration of each of the trace elements found in plants was used as the dependent variable in a multiple quadratic regression model. The independent variables were trace element supply into soil (g/ m 2 ) with excreta of hens as a fertilizer. Taking all trace elements of the soil in linear and quadratic form into the model increased the coefficient of determination (SAS, 1994) .
Retention of dietary Zn, Fe, and Cu in eggs was calculated from feed consumption and hen-day egg production; weights of egg yolk, white, and shell; and concentrations of the 3 trace elements in the feed and egg components. Means calculated for n = 3 average samples per treatment.
RESULTS AND DISCUSSION
Concentrations of Zn, Fe, and Cu in Eggs and Liver
Concentrations of Zn, Fe, and Cu in eggs and liver of hens are shown in Table 3 . Dietary contents of the studied trace elements were lower than permitted in the European Union (EU Council Directive, 2004) . The concentration of Zn in yolk was significantly reduced in eggs of hens fed a diet supplemented with Cu (P < 0.01). On the other hand, the concentration of Cu in yolk was significantly decreased in eggs of hens fed a diet supplemented with Zn (P< 0.01). This finding can be explained by a ZnCu antagonism observed by other authors in rats (Van Campen and Scaife, 1967) , chicks (Southern and Baker, 1983) , and pigs (Zacharias et al., 2003) . Higher dietary Zn or Cu could overcome the negative effect of the antagonizing element. The Zn and Cu concentrations in yolk were similar to those reported by Mabe et al. (2003) , if we consider different dry matter concentrations in dried and fresh samples. Our finding was consistent also with concentrations of Zn in yolk found by Kaya et al. (2001) . Concentration of Fe in egg yolk and white reflected Fe concentration in the diet. The highest concentration of Fe Table 4 . Recoveries of Zn, Fe, and Cu in eggs of hens fed the basal diet were 10.7, 9.8, and 4.4% of the alimentary intake, respectively. Recoveries of Zn, Fe, and Cu in eggs of hens of treated groups were lower, indicating poor utilization of these elements for egg production when supplied at higher concentrations in the feed. The egg yolk contained 87.5, 92.3, and 66.9% of Zn, Fe, and Cu, respectively, present in the whole egg (average of all samples). Hepatic concentrations of Zn were fairly stable. As expected, the highest concentrations of Zn in liver were 
Concentrations of Zn, Fe, and Cu in Excreta, Soil, and Herbage
Nitrogen content of excreta of hens was 53.9 g/kg of dry matter, on average. No effect of trace mineral supplementation on N content of excreta was apparent (Table  5) . Concentrations of Zn, Fe, and Cu in excreta greatly varied in relation to their dietary content. It follows from the ANOVA results that Zn content in excreta depended significantly on the factor Zn and the 3-way interaction only, that Fe content in excreta depended significantly on the factor Fe only, and that Cu content in excreta depended significantly on the factor Cu only. Table 6 presents data on fertilization of soil by manure of hens and concentrations of Zn, Fe, and Cu in soil and herbage 3 mo after fertilization. Results of multiple quadratic regression suggest that concentrations of Zn, Fe, and Cu in herbage were significantly dependent on supply of the 3 trace elements by hen excreta into soil. The corresponding multiple correlation coefficients were 0.844, 0.933, and 0.921 for Zn, Fe, and Cu in the herbage, respectively (P < 0.01). The effect of fecal Fe and Cu contents on concentrations of Fe and Cu in soil, however, was small. Similarly, there was almost no effect of Zn concentration in excreta on Zn concentrations in herbage. Zn concentrations in herbage dry matter were within the concentration range recommended for dairy cows: 43 to 55 mg/kg (NRC, 2001) . The highest concentration of Zn in soil (198 mg/kg of dry matter) was 51% higher than the lowest one (131 mg/kg). These concentrations corresponded to the highest and the lowest Zn concentrations in excreta (342 and 160 mg/kg of dry matter, respectively). The effect of fecal Fe and Cu on Fe and Cu concentrations in soil was much smaller. This finding suggests that Zn supplied by hen excreta into soil was more stable than Fe and Cu. Indeed, solubility of Zn from poultry excreta was low, 6% compared with 49% for Cu (Jackson et al., 2003) . Repeated use of poultry litter as a fertilizer thus could increase Zn concentration in soil. Data were published on a reduction in crop yields in areas with high poultry industry concentration (Burrell et al., 2004) . Long et al. (2003) showed that growth of Chinese cabbage (Brassica chinensis L.) and celery was inhibited at Zn concentrations in soil > 170 mg/kg. The negative correlation was found between Zn concentration in shoots and biomass yield. The same authors stated that the treshold of critical Zn concentration for humans might be lower in some crops than the yield-reducing concentration. The amount of Fe in soil (6.61 to 7.28 g/kg of dry matter) was consistent with data of Reuter et al. (1997) . Fe content in herbage reflected the dietary content. Effect of dietary content of Fe on Fe concentration in herbage was statistically significant. Fertilization increased Fe and Cu concentration in herbage relatively more than in soil. This result indicates greater availability of Fe and Cu present in excreta than in soil. The Fe concentrations in soil and herbage did not represent a danger for plant yield or animal health. The Cu content in herbage increased maximally to 9.0 mg/kg of dry matter, slightly exceeding the Cu minimum requirement for cattle according to Illek et al. (1999) . This result was, however, less than the requirement of NRC (2001), which is 11 mg/kg of dry matter for dairy cows.
It could be concluded that there is still a lack of information about retention of trace elements in eggs and the body of poultry and their excretion and deposition in the soil. Higher dietary doses of Zn do not result in enrichment of products with Zn, but they are eliminated in excreta into the soil. There is a danger of Zn accumulation in the soil and a negative effect on crop yield. The restriction of total content of Cu in poultry diets to 35 mg/kg by the European Union (European council, 2004 ) directive allows only a moderate increase of Cu concentration in egg yolk and herbage. Iron is not a critical trace element from an environmental aspect, but its implication is significant in interactions with Cu and Zn. High concentrations of Zn, Fe, and Cu in excreta indicate their low utilization (i.e., limited deposition in tissues and eggs).
